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In this paper we demonstrate a magnetically guided Cesium (Cs) atom interferometer in the Talbot-Lau regime
for inertial sensing with two interferometer schemes, Mach-Zehnder and Ramsey-Borde. The recoil frequency
of the Cs atoms and the acceleration along the waveguide symmetry axis is measured. An acceleration
measurement uncertainty of 7 × 10−5 m/s2 is achieved. We also realize an enclosed area of 0.018 mm2
for rotation measurement. As the first reported magnetically guided Cs atom interferometer, the system
limitation and its advantages are discussed.
Since its first demonstration in the 1990s1, atom inter-
ferometry has developed rapidly and i s now widely used
in applications such as fundamental physics and precision
measurements. Among these applications, atom interfer-
ometers are found especially useful for inertial sensing be-
cause of their huge potential in sensitivity enhancement
compared to classical sensors. Gravimeters2,3, gravity
gradiometers4,5 and rotation sensors6–8 are built with dif-
ferent designs. Some of these atom interferometer sensors
in the laboratory are now competing with, or even sur-
passing the performance of the best instruments using
conventional methods3,9. Depending on the environment
in which the atoms are manipulated, these sensors can be
divided into two categories: free-space sensors and wave-
guided sensors. The free-space sensor is usually based
on an atomic fountain scheme, which is widely used in
gravity and gravity gradient measurements. In order to
significantly increase the interrogation time to improve
the sensitivity of the instruments, longer falling distance
and larger system volume are required, which limits their
practical application3. However, sensors based on wave-
guided atom interferometer provide a chance for the com-
bination of both long interrogation time and a compact
volume, especially in the measurements of rotation and
horizontal acceleration10,11. Two kinds of wave-guides,
optical10 and magnetic11–13, have been used. A proof-
of-principle experiment of an atom interferometer with
horizontal optical guide for inertial sensing has been re-
alized with a Rubidium (Rb) Bose-Einstein Condensate
(BEC) and a sensitivity of 7 × 10−4 m/s2, the perfor-
mance of which is limited by the interparticle interaction
in the BEC and vibration noise10. An atom gravime-
ter in a vertical optical guide was achieved with a small
falling distance of 0.8 mm and a sensitivity of 2× 10−7g
over 300s integration. The contrast loss was attributed
to the spatial quality of the guide laser beam14. The
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FIG. 1. Schematic drawing of the experiment system
study of magnetically guided atom interferometers with
laser cooled atoms started earlier. The first inertial sen-
sor has been demonstrated using magnetically guided Rb
atoms, with precisely machined ferromagnetic foils11. A
resolution of 10 times the Earths rotation was achieved.
Another magnetically guided Rb interferometer was re-
alised with race track coils12. The improvement on in-
terrogation time is limited by the atom-guide interaction
in both atom interferometers12,15. Other guide schemes
with more homogeneous field and more compact size are
being explored16,17. The combination of an atom wave
guide and atom interferometry is expected to both im-
prove the sensitivity and compactness of the instrument.
In this paper, we demonstrate a magnetically guided
Cesium (Cs) atom interferometer for inertial sensing.
The guided Cs atom interferometer is based on a dual-
chamber vacuum system, which is detailed in previous
work18. Briefly, a Cs atom beam is generated by a 2D+
magneto-optical trap (MOT) in the first chamber. Pass-
ing through two differential tubes, the atom beam arrives
at the second chamber with a beam flux of up to 2.5×1010
atoms/s. Atoms from the beam are then recaptured by
a mirror MOT in the second chamber, with two cooling
beams on the x-z plane, two cooling beams on y-z plane
and their reflections respectively, as show in Fig.1. The
angle between each beam and the z-axis is about 45 de-
2grees. Each cooling beam contains 8 mW of cooling laser
power (−2Γ detuning from 62s1/2|F = 4〉 → 6
2p3/2|F
′ =
5〉) and 2 mW of repumping laser power (resonant with
62s1/2|F = 3〉 → 6
2p3/2|F
′ = 4〉), with a Gaussian width
of 10 mm. The magnetic field for the MOT and magnetic
guide is provided by the same two pairs of copper coils
wound on two race-track aluminum cores. These alu-
minum cores are mounted on a precision rotation stage
(Thorlabs NR360), which provides precise angle position
with respect to the y-axis. Each set of coil consists of
N=30 turns of copper tapes (6.25 mm wide and 0.25 mm
thick ) with a 0.05 mm thick Kapton tape on one side. In
the mirror MOT regime, a current of 10 A provides a ra-
dial gradient of 25 Gauss/cm in the area of the symmetry
center, which is set to shorten the displacement during
the atom loading. The loading process is as follows: Af-
ter a 900 ms loading time of the mirror MOT, the coil
current begins to ramp from 10 A to 30 A over 60 ms, dur-
ing which the MOT was compressed to match the mode
of the magnetic guide. At the beginning of the compres-
sion, the intensity of the cooling laser is attenuated to half
of its original value; and the cooling frequency detuning
ramps from −2Γ to −6Γ. The cooling and repumping
light is kept on to reduce the heating effect during the
compression and the repumping light is switched off 4
ms before the cooling light, which helps to pump atoms
into 62s1/2|F = 3〉. Then, an extra 20 ms waiting time is
given before the interferometer operation. This enables
the non-weak-field-seeking atoms to leave the beam area,
removing pseudo contributions to signals. The sequence
parameters in the loading procedure are optimized by
detecting the signal amplitude of a three-pulse atom in-
terferometer with short interrogation time T (here we
choose T=274 µs), the signal amplitude of which depends
mostly on the number of atoms in the guide. The num-
ber of atoms in the loading procedure is measured using
an open-transition (62s1/2|F = 3〉 → 6
2p3/2|F
′ = 4〉)
absorption method19.A number of atoms of 1 × 109 is
obtained Finally, about 5 × 107 atoms are detected in
the guide with a 85 µm Gaussian width, which indicates
a 5% efficiency of the procedure. The trap frequency
in the radial direction is calculated to be 2pi × 98 Hz,
indicating that the radial temperature of the Cs atoms
is 34 µK. This procedure is featured with its simplicity
in operation and shows a tolerance on the beam align-
ments experimentally. However, the efficiency could be
further improved by polarizing the atom spin using opti-
cal pumping.
During the interferometer manipulation, atoms are
diffracted in the Kapitza-Dirac regime to form a Talbot-
Lau interferometer20. Two off-resonant lasers, Ea and
Eb, (both 200 MHz blue-detuned from 62s1/2|F = 3〉 →
62p3/2|F
′ = 4〉) form the diffraction grating along x-axis,
the symmetry axis of the waveguide, with 2 mm Gaussian
width and a peak intensity of 127 mW/cm2. The phase
and amplitude information of the interference fringe is
probed by monitoring the Bragg backscattered light from
the Ea into the Eb mode. The information contained in
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FIG. 2. (Color online) Mean signal amplitude oscillation
and data fit vs T2. Data scanned in the period (a) be-
tween 138 µs to 260 µs and (b) between 2563 µs to 2685
µs. Experimental data(black dots) is fitted to a function of
f = f1 · J2(2Θ2sin(ωqT2 + f2)) + f0(red line).
the backscattered light is then extracted using the het-
erodyne technique20.
Due to the relatively low diffraction efficiency of the
diffraction pulse20, three-pulse and four-pulse regimes are
most commonly used in the experiments. For the three-
pulse Mach-Zehnder scheme (two diffraction pulses, one
detection pulse and the time-set {T1 = 0, T2, T3 = 2T2},
the fringe distribution ρ3(x, t) is simplified as:
ρ3(x, t) ∝ Θ1ωq∆tJ2(2Θ2 sin(ωqT2))e
iq·x+iφ3(T3) (1)
where Θi represents the pulse area for the ith diffraction
pulse, ωq is the recoil frequency, ∆t = t − T3 indicates
the time window before the fringe is washed out due to
the thermal expansion, φ3(T3) = q · aT3
2/4 is the phase
induced by the acceleration a. The mean signal ampli-
tude during the time window could be further simplified
to 〈ρ3(t)〉∆t ∝ J2(2Θ2sin(ωqT2)), which oscillates with
the Cs recoil frequency. This oscillation is observed by
scanning T2. Two examples are plotted in Fig.2 with a
2 µs step. A fit of the experiment results with free pa-
rameters including Θ2 and ωq showed a good agreement
with the theoretical expectation. The recoil frequency
derived from the fit is ωq = 5.19 ± 0.03 MHz, compared
to the theoretical value of h¯q2/2mCs = 5.197 MHz. The
pulse area is Θ2 = 1.99± 0.02, compared to the theoreti-
cal value
∫
ΩDR(τ)dτ = 1.982, where ΩDR is the double
photon Rabi frequency. By minimizing the scan step and
increasing the scan length, this method could be used to
measure the fine structure constant α21.
Due to the oscillation feature of the signal ampli-
tude, the onset time of the second pulse was set to be
T2 = 137+n×121 µs to keep the signal amplitude at the
peak of the oscillation in the following experiments. We
now consider the signal amplitude and phase evolution of
the three-pulse interferometer with a total interrogation
time T3. Fig.3 shows the results for the three-pulse inter-
ferometer with different inclination angles θy of the mag-
netic guide with respect to the y-axis. For different values
of θy, atoms in the guide gain different accelerations due
to the various projections of the gravity. This in turn
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FIG. 3. (Color online)(a)Signal amplitude decay of the three-
pulse Mach-Zehnder interferometer with different inclination
angles θy of the magnetic guide. The values of θy are extracted
from the fit of the relative phase data. Here we assume gravity
acceleration g = 9.8 m/s2. (b)Unwrapped phase data(black
squares) and data fit(solid line) at the optimum incline an-
gle θy0 = 8.74 mrad. The inset shows the fit residuals(red
squares). The fit of f = f1·T
2
3+f0 gives f1 = −0.3157±0.0003
and f0 = 0.01 ± 0.05, showing an acceleration uncertainty of
0.1mm/s2
impacts both the signal amplitude and the phase of the
interferometer. By scanning θy with a precision level of
sub-mrad, we fix the optimum value of θy0 = 8.74 mrad,
in which the symmetry axis overlaps with the diffraction
beam. At the optimum position, a maximum interroga-
tion time of ∼18 ms is achieved. This interrogation time
is mainly limited by the curvature and roughness of the
magnetic field along symmetry axis15. As θy varies from
the optimum value, the signal amplitude decays faster
to the noise limit due to the strong decoherence mech-
anism from the projection of the in-homogeneous radial
magnetic field. A trend of smaller difference between two
adjacent signal amplitude decay curves is observed as ε
increases, which is expected according to the prediction
that the decoherence scales with T 23 at a given devia-
tion angle ε15. The phase evolution and data fit as a
function of total interrogation time T3 at the optimum
position is plotted in Fig.3(b). A parabolic fit of φ(t)
gives the acceleration a along the waveguide symmetry
axis over 70 runs. A diverging trend for phase residu-
als is also observed in the inset of Fig.3(b), as the noise
δφ(T3) =
√
〈[φ(0)− 2φ(T3/2) + φ(T3)]2〉t becomes larger
as T3 increases.
We now consider the four-pulse interferometer regime
(three diffraction pulses, one detection pulse and the time
set {T1 = 0, T2, T3, T4}). In comparison to the three-
pulse regime, several degenerate loops exist with differ-
ent phase contributions22. One simple way to remove
this degeneracy is to elongate the period between T2 and
T3, which only results in a trapezoid loop and thus a
Ramsey-borde type interferometer. The fringe distribu-
tion is simplified as:
ρ4(x, t) ∝ Θ1ωq∆tJ1
2(2Θ sin(ωqT2))e
iq·x+iφ4(T2,T4) (2)
where φ(T2, T4) = q ·aT2(T4−T2). Fig.4 shows the ex-
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FIG. 4. (Color online)(a)Signal amplitude decay of the four-
pulse Ramsey-Borde interferometer with different inclination
angles θy of the magnetic guide. The values of θy are ex-
tracted from the fit of the relative phase data. Here we
suppose gravity acceleration g = 9.8 m/s2. (b)Unwrapped
phase data(black squares) and data fit(solid line) at the op-
timum incline angle θy0 = 8.741 mrad. The inset shows the
fit residuals(red squares). The fit of f = f1 · T4 + f0 gives
f1 = −0.9392 ± 0.0008 and f0 = 0.57 ± 0.03, showing an
acceleration uncertainty of 0.07 mm/s2
periment results in the same positions as the three-pulse
interferometer experiment with a fixed T2 and thus a con-
stant split distance d = h¯qT2/mCs = 5.24 µm. The sig-
nal amplitudes in Fig.4(a) decay with slower rates than
those in the three-pulse interferometer at the same ε,
which is due to the fixed split distance. The phase evolu-
tion with the total interrogation time T4 at the optimum
angle in Fig.4(b) fits nicely as expected. The accelera-
tion is extracted from the phase over 70 runs. The inset
of Fig.4(b) shows that noise level stays stable with T4,
compared to a divergence in the three-pusle phase fit.
This is due to the fact that the long holding time be-
tween T2 and T3 makes the vibration noises uncorrelated
for the splitting and combining processes; and the noise
δφ(T4) =
√
2〈[φ(0)− φ(T2)]2〉t is uncorrelated with T4
23.
The slow decay rate of the Ramsey-Borde interferom-
eter makes rotation measurements available. For the
three-pulse interferometer, even at the optimum posi-
tion, only about 18 ms of total interrogation time was
achieved, which limits the guiding distance of the atoms.
Therefore, it is experimentally difficult to achieve an
area-enclosed interferometer using the three-pulse regime
in our system. For the Ramsey-Borde interferometer, the
∼100 ms long interrogation time supports a 2 mm dis-
tance with slow enough guiding speed, which prevents
the atoms from being heated during the guiding opera-
tion. In addition, the fixed distance difference helps to
maintain momentum coherence between the two arms,
which is avoided from being disturbed by the increasing
curvature along the symmetry axis as the atoms move
towards the edge of the copper tapes. Fig.5 shows the
experimental results of Ramsey-Borde interferometer in
a 20 ms moving magnetic guide, during which the ampli-
tude of the three-pulse interferometer vanishes. During
the guide process, the current in one pair of tapes was
4FIG. 5. (Color online) (a) Absorption image showing the
guided atom motion in 20 ms, the yellow line is used to show
the position of atoms. (b)Signal amplitude(solid triangles)
of the four-pulse Ramsey-borde interferometer in the moving
guide regime vs. the split distance. (c) Unwrapped phase
data(black squares) and data fit(solid line) vs. the split dis-
tance. The inset shows the fit residuals(red squares). The fit
of f = f1 ·d
2
− h¯QT4f1/m ·d+f0 gives f1 = −0.0276±0.0003
and f0 = 1.4± 0.5
.
controlled from 30 A to 35 A with a sinusoidal waveform
(phase from −pi/2 to pi/2); while the other pair was con-
trolled from 30 A to 25 A (phase from to pi/2 to 3pi/2).
The absorption images Fig.5 (a) shows a calibrated guide
distance of 1 mm; thus the average speed of the atoms
is 50 mm/s. The signal amplitude vs split distance is
shown in Fig.5(b). The largest split distance achieved
in the experiment is d = 18.06 µm, the signal of which
almost reaches the noise limit for phase detection. This
split distance is short compared to that achieved in the
three-pulse regime, which is mainly due to the increased
longitudinal curvature outside of the symmetrical area.
Unfortunately, we cannot input a constant rotation to
the optical table due to technical constraints. However,
it is reasonable to induce a linear acceleration to evaluate
the phase, for the detected acceleration a contains both
the linear and Coriolis acceleration. As it is shown in
Fig.5(c), the phase induced by gravity projection agrees
with the predicted phase evolution. In practice, it is fea-
sible to align the magnetic guide normal to the gravity to
erase the contribution from gravity. Guiding the atoms
in opposite directions and differentiating the phase sig-
nal would erase the linear acceleration as a common mode
signal. For d = 18.06 µm, the enclosed area A is 0.018
mm2, and a rotation rate of 1 mrad/s induces a phase
shift of 0.24pi.
To further increase the sensitivity of the interferom-
eter, an improved guide, with more homogeneous field
along the symmetry axis, is needed,in which the atoms
separate further and thus a longer interrogation time can
be achieved. As the atoms are affected by the magnetic
field along the symmetry axis, the magnetic field gradi-
ent causes an extra phase shift. This could be avoided
by using an optical guide10 or eliminated by operating in
a reciprocal interfering loop11 in rotation measurement.
However, one advantage for Cs atom inteferometers is
that the Cs atoms heavier mass results in a larger phase
shift than the one obtained in a Rb atom interferometer
in rotation measurements for the same magnetic guide.
Consider the rotation phase:
φr = 2matomΩ ·A/h¯ ∝ matomΩdcl (3)
where dc is the seperate distance between two arms and
l is the guide distance, both of which are mainly deter-
mined by the magnetic guide. For Cs atoms at |F =
3,mF = −3 > and Rb atoms at |F = 1,mF = −1 >, the
value of the magnetic field gradient to sustain either of
them is the same. As a result, the rotation phase shift
of Cs is mCs/mRb ≈ 1.5 times bigger than that of the
magnetically guided Rb interferometer12.
In summary, we report for the first time the realiza-
tion of a magnetically guided Cs atom interferometer for
inertial sensing. An uncertainty of 7 × 10−5 m/s2 on
horizontal acceleration measurements is achieved and an
area of 0.018 mm2 is enclosed for rotation measurements.
The current limitations on this interferometer system are
revealed and the advantage of the greater mass of Cs in
rotation measurement is discussed. Improved guide con-
figurations are required for longer interrogation times and
larger guiding distance in the future. Our work could also
be used as a reference to the multi-axis inertial measure-
ments for practical use.
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